Dopamine has been implicated in processes of retinal light and dark adaptation. In goldfish retina, horizontal cell dendrites elaborate neurite processes (spinules) into cone terminals, in a light-and dopamine-dependent manner. However, the functions of retinal dopamine and the horizontal cell spinules in visual behavior are unknown. These issues were addressed in behavioral, electroretinographic, and anatomical studies of normal fish and those with unilateral depletion of retinal dopamine induced by intraocular (i.o.) injections with 6-hydroxydopamine (6-OHDA). Dopamine interplexiform cells (DA-IPC) disappear within 2 weeks after 6-OHDA injection; cell bodies appear at the marginal zone within 6 weeks at which time neurites slowly reinnervate the retina with a sparse plexus over the next 12 months. We found that dopamine depletion increased light sensitivity at photopic but not scotopic backgrounds by 2.5 log units, an effect mimicked by i.o. injections of dopamine D1 and D2 antagonists. The ERG b-wave increment thresholds were the same for control and dopamine depleted eyes, indicating a normal transition from rod to cone systems in the ON pathway. Light-dependent spinule formation was reduced by about 60% in dopamine-deph;ted retinas, but returned to normal by 3 months and 9 months after injection in the entire retina, even areas not directly innervated with DA-IPC processes. Spinule formation in vivo was inhibited 50% with i.o. injection of SCH 23390 in control retinas as well as throughout 3 month 6-OHDA injected retinas, including DA-IPC free areas. This latter result indicates a volume effect of dopamine, diffusing laterally through the retina over several millimeters, in regulating spinules. We conclude that DA-IPCs regulate sensitivity to background at photopic levels not via the ON pathway, but perhaps the OFF pathway. Goldfish display both increased sensitivity to light and a normal Purkinje shift in the ERG b-wave whether or not horizontal cell spinules are present, indicating that dopamine control of photopic vision in fish is not mediated through light-induced spinule formation of horizontal cell dendrites.
INTRODUCTION
Perhaps one of the most difficult and important problems in neurobiology is the assignment of a specific function to a particular type of neuron in the central nervous system. The vertebrate retina, part of the diencephalon, contains six major types of neuron, each comprising from two to 40 subtypes. The through pathway of the retina, photoreceptors, bipolar cells, and ganglion cells, transduce electromagnetic radiation of a rather narrow waveband (about an octave, depending on the species; ~380-760nm) and conveys information about the temporal, spatial, and chromatic properties of this radiation to other parts of the CNS. Identifying the particular function of neurons in the lateral pathways (horizontal cells and amacrine cells) and centrifugal pathways (interplexiform cells) is less straightforward. Although it is clear that these latter types of neuron modulate the response properties of neurons in the through pathway, the consequences of these modulations on visual processing, as expressed in visual behavior, are far less well studied. One way to infer function, is to delete selectively a neuron type from the retina and observe effects on visual behavior. Catecholamine and indoleamine containing neurons take up the neurotoxin, 6-hydroxydopamine (6-OHDA) and, in a dose-dependent manner, are subsequently destroyed. For example, studies utilizing 6-OHDA lesioning in the rat CNS have provided much information about the neurological substrates for Parkinsonism (i.e. Ungerstedt & Arbuthnott, 1970; Heikkila et al., 1981; Cadet & Zhu, 1992) . Intraocular (i.o.) injections with 6-OHDA destroy retinal dopamine neurons (Ehinger & Nordenfelt, 1977; Negishi et al., 1981 Negishi et al., , 1982a , and it should then be possible to determine the behavioral effects of such dopamine depletion on vision. Dopamine is the major catecholamine in the retina and is contained in interplexiform cells and/or amacrine cells, depending on the species. Dopamine has a wide variety of effects in the retina that are mediated by two families of dopamine receptors: D1, 4046 S. YAZULLA et al.
i~ ¸ FIGURE 1. Distribution of TH-IR in the retina of a normal eye (A) and a retina from an eye that was injected with 6-OHDA 2 weeks prior to the histological procedures (B). TH-IR was absent from the retina of 6-OHDA injected eyes and was found in the normal complement of DA-IPC somas and processes in the OPL and IPL in the retina of control eyes. OPL, outer plexiform layer; IPL, inner plexiform layer. Calibration bar = 25/tm. From Lin and Yazulla (1994a) .
D5 and D2, D3, D4. In general, activation of dopamine receptors triggers events that appear related to processes of light adaptation in retinas of mammals as well as nonmammals ; Witkovsky & Dearry (1992) for reviews]. Behavioral consequences of depletion of retinal dopamine have been inferred from rat in which reserpine injection produces photophobia, suggesting increased sensitivity to light (Malmfors, 1963) . Also, Parkinson's patients show a reduction in spatial-temporal contrast sensitivity (Bodis-Wollner et al., 1987) , an effect attributed to a decrease in retinal dopamine (Nguyen-Legros et al., 1993) . Dopaminergic mechanisms have been studied intensively in teleost fish retinas utilizing a wide variety of anatomical, physiological and pharmacological techniques [Ehinger et aL (1969) ; Negishi et al. (1990) , for review]. There are major advantages in using teleost fish, specifically goldfish or carp, to study retinal dopamine function. First, interpretation; there is an enormous data base on their visual system, providing a firm foundation upon which to interpret new data (Ali, 1975a; Kato et al., 1991; Spekreijse, 1991) . Second, simplification; dopamine is contained in only a single type of neuron, an interplexiform cell (IPC) which receives its input in the inner plexiform layer (IPL) and provides output to the IPL as well as centrifugally to the outer plexiform layer (Dowling & Ehinger, 1978; Yazulla & Zucker, 1988; Van Haesendonck et al., 1993) . Third, opportunity; new neurons are constantly added to the marginal zone as the retina grows (Johns, 1977 (Johns, , 1981 , thereby providing a unique opportunity to study not only the acute effects of dopamine depletion but also the recovery of function as new neurons appear at the marginal zone and their neurites reinnervate the retina as they grow from the periphery (Negishi et al., 1982b) .
There are two potential problems in ascribing the effects of 6-OHDA injections only to destruction of DAIPCs. First, Baldridge and Ball (1993) described a new type of IPC in goldfish that was immunoreactive for phenylethanolamine N-methyltransferase (PNMT), the synthesizing enzyme for epinephrine. The transmitter of this rare cell type is unknown, but this cell could be affected by 6-OHDA injections. Second, at low concentrations of 6-OHDA, catecholamine-containing neurons are far more affected than indoleamine-containing neurons in carp and goldfish retinas (Negishi et al., 1981 (Negishi et al., , 1987 . However, at moderate concentrations in goldfish retina, both cell types are destroyed (Negishi et aL, 1987) . Thus, although the primary effect of 6-OHDA injections may be the destruction of DA-IPC, complications introduced by damage to other cell types cannot be excluded.
Given these words of caution, the following review documents our efforts to infer the role of a specific neuron type, the DA-IPC, in visual behavior and to understand the cellular mechanisms by which this role is accomplished. Our studies were built upon the efforts of other laboratories, as will be indicated, and it was necessary to replicate some of that earlier work in order to validate and give credence to our new data. Some examples of that corroborative data will be presented for context and continuity.
METHODS
All experiments were performed on goldfish (Carassius auratus), 10-15 cm standard body length. Goldfish were obtained from a commercial supplier and maintained in aerated tanks at 22°C, kept on a 12/12 hr light/ dark cycle and fed goldfish flakes on a daily basis via an automatic feeder. A variety of standard behavioral, anatomical, pharmacological, and electrophysiological techniques were used, the details of which can be found in the original articles.
The major experimental manipulation was the depletion of retinal dopamine by i.o. injections with 6-OHDA, which was done according to the method of Negishi et al. (1981 Negishi et al. ( , 1982a . In brief, goldfish were anesthetized in 0.02% 3-aminobenzoic acid ethyl ester Sigma) and wrapped in wet towels. Intraocular injections were made with a 30 gauge hypodermic needle that was inserted through the dorsal sclera. Pargyline and 6-OHDA, 5#g each in 4/~1 was injected using a micrometer driven syringe. The other eye (sham) received an equivalent injection of vehicle. The procedure was repeated the next day, except that the drugs were injected into the ventral sclera so that agents would be distributed uniformly throughout the eye. Simultaneous visualization of indoleamine-accumulating (IA) and catecholamine-accumulating (CA) cells was FIGURE 2. Distribution of TH-IR in the peripheral retina of a normal eye (A) and eye that was injected with 6-OHDA 9 months prior to histological processing (B). These flat-mount views demonstrate that TH-IR somas were found throughout the normal retina, but were restricted to two to three rows at the marginal zone in 6-OHDA injected eyes. Calibration bar = 50/tm. From Lin and Yazulla (1994a) .
achieved by a modified Faglu histofluorescent technique as applied to the carp by Negishi et al. (1987) . Fish, anesthetized as above, received i.o. injections of 1/~g each of noradrenaline (labeled CA cells) and 5,6-dihydroxytryptamine (labeled IA cells) in 5 #1 saline. Two and a half hours later, the fish were decapitated, the eyes enucleated, the retinas isolated and fixed overnight at 4°C in 4% paraformaldehyde, 0.4% glutaraldehyde and 30% sucrose in 0.1 M phosphate buffer at pH 7.4. Retinas were flat-mounted, coverslipped, and viewed on an Olympus BH-2 epifluorescence microscope.
FIGURE 3. Distribution of TH-IR boutons from the mid periphery of a normal eye (A) and eye that was injected with 6-OHDA 12 months prior to histological processing (B). These flat-mount views are of the OPL and illustrate differences in the innervation density of DA-IPC boutons in the OPL in conlrol (A) and reinnervated (B) retinas following dopamine depletion. Fine strings of bead-like processes are observed in the reinnervated retina (B, small white arrows) compared to the dense network of processes in the control. Calibration bar = 20 pm.
RESULTS

Degeneration and neurogenesis of dopamine interplexiform cells in goldfish retina after 6-OHDA treatment
Depletion and generation of DA-IPCs were confirmed by detection of tyrosine hydroxylase immunoreactivity (TH-IR) and dopamine-IR. As reported by Negishi et al. (1982a, b) , 6-OHDA eliminated the DA-IPCs from fish retinas within 2 weeks after injection (Fig. 1) . TH-IR and dopamine-IR appeared normal in sham-injected retinas indicating that the neurotoxic effect of 6-OHDA was restricted to the drug-treated eye. In agreement with Negishi et al. (1982b) we found that by 6 weeks after 6-OHDA injection, new DA-IPCs began to proliferate in the growth zone at the retinal margin ( Fig. 2) with a thin plexus of processes in both the OPL and IPL that extended toward the retinal center. By 1 yr after injection, there were three to four rows of DA-IPC cell bodies at the marginal zone. No DA-IPC cell bodies were ever observed in more central areas of the retina, indicating that the effect of 6-OHDA was specific to dopamine-containing neurons rather than inducing a general neurotoxic response (Negishi et al., 1987; Braisted & Raymond, 1992) .
Reinnervation of the retina with DA-IPC processes occurred gradually over the course of a year. As measured from the marginal zone, about 20% of the retinal radius was reinnervated by 3 months after injection, reaching 90% of the retinal radius by 1 yr after injection. Even though most of the retinal area was reinnervated by DA-IPC processes at 1 yr after injection, the innervation density was far less than in control retinas at all stages of recovery and at all retinal loci (Fig. 3) . The progressive reinnervation of the retina with DA-IPCs following 6-OHDA injection is shown in the cartoon in Fig. 4 . This schematic illustrates the rationale for a number of experiments to be described that involve a comparison of the acute effects of dopamine depletion and subsequent recovery during dopamine reinnervation.
Indoleamine-containing cells survived 6-OHDA injection
We did not assess the effect of 6-OHDA injections on indoleamine-accumulating neurons in our original papers. However, for this report the FGS technique was used to visualize IA-cells and CA-cells in control retinas (n=3) and those 3months (n=2) after 6-OHDA injection. Also, cryostat sections from retinas obtained at lmonth (n=2) and lyr (n=4) after 6-OHDA injection from our earlier studies were processed for TH-and 5-HT immunoreactivity. Although this latter technique may identify only one of three types of IA-cells in goldfish retina (Marc et aL, 1988) , it should provide some indication of the fate of IA-cells following 6-OHDA injection. Figure 5 shows micrographs of 1 month and 1 yr 6-OHDA-injected retinas that were processed for 5HT-IR. At 1 month and 1 yr after 6-OHDA injection, intensely stained 5HT-IR amacrine cells were observed throughout the retina. These cells are probably the S1 amacrine cells that are 5HT-IR described previously in goldfish (Tornqvist et aL, 1983; Marc et al., 1988) . In addition, more numerous, lightly stained 5HT-IR amacrine cells were observed with cell bodies just distal to FIGURE 5. Micrographs of cryostat sections from goldfish retina, processed for 5HT-IR at 1 month (A, vertical section) and 1 yr (B, oblique section) after i.o. injections with 6-OHDA. 5HT-IR amacrine cells were located in at the proximal margin of the inner nuclear layer (arrows) with varicose processes largely in the most distal and proximal layers of the 1PL. In addition, weakly 5HT-IR cell bodies (arrowheads) were located just distal to the more densely stained cells. Rabbit-anti-serotonin (Eugene Tech Int.) was used at 1:500 and visualized with goat-anti-rabbit FITC. Calibration bar = 20 pm. FIGURE 7. These histobars illustrate the effect of light-and darkadaptation on the average spinules per cone pedicle (+ SD; ordinate). All samples were obtained from the central region of the retina and included 25-90 pedicles per condition. Control, eyes received injection of vehicle only; spinule frequency was reduced by 91% in darkadapted retinas. 2 wk 6-OHDA, 2 weeks following 6-OHDA injection, light-adaptive spinule frequency was reduced by about 56% (P < 0.01) compared to "control". However, 6-OHDA injection did not prevent dark-adaptive retraction of remaining spinules, compared with the 2 weeks post 6-OHDA condition (P < 0.01). Dark-adaptive spinule frequency was the same for "control" and "2 wk 6-OHDA" conditions. From Yazulla and Studholme (1995) .
the S1 amacrine cells. These probably correspond to the $2 amacrine cells described by [3H]serotonin uptake and the FGS/Faglu methods (Ehinger & Flor6n, 1976; Marc, 1982) . In contrast, at the 1 month condition, no TH-IR cell bodies or processes in the OPL were observed in any part of the retina [cf 2 week condition Fig. I (B)], and at 1 yr after 6-OHDA injection, TH-IR was restricted to somas at the marginal zone and a thin plexus throughout the remaining retina [ Fig. 3(B) ]. Furthermore, tissue, processed with the FGS method 3 month after 6-OHDA injection, revealed that CA-cells were restricted to the marginal zone whereas numerous IA-cells were seen throughout the entire retina. These results demonstrate that 6-OHDA did not have a short or long term effect on the IA-cells and thus, 6-OHDA was specific for the depletion of DA-IPCs. Stell (1967) described neurite "spine-like" projections of horizontal cell dendrites that penetrated the cone terminals. These spinules were shown to display a marked light-dark plasticity in that they were very prominent in the light-adapted state and virtually absent in the dark-adapted state (Stell, 1964; Raynauld et al., 1979; Wagner, 1980) . The presence of horizontal cell spinules is correlated with light-adaptive physiology of the outer retina and these spinules have been hypothesized to be the sites of negative feedback from horizontal cells to cone terminals (Raynauld et al., 1979; Wagner, 1980; Weiler & Wagner, 1984; Djamgoz et al., 1988) .
Plasticity of horizontal cell dendrites: Effects of light and 6-OHDA treatment
Light-adaptive spinule formation is reduced substantially in dopamine-depleted retinas of carp, roach, and blue acara (Kohler & Weiler, 1990; Kirsch et al., 1991; Wagner et al., 1992) , and is inhibited in vitro by dopamine D1 antagonists (Kirsch et aL, 1991) From Lin and Yazulla (1994a) .
( (Fig. 7) showed a 56% reduction in spinule frequency 2 weeks after 6-OHDA injection in light-adapted retina. Spinule frequency was reduced to the same low level in dark-adapted retinas regardless of whether they were from control or dopamine-depleted eyes.
6-OHDA injection increases light sensitivity
Unilateral injection of 6-OHDA had a striking effect on goldfish swimming posture. Within 2 weeks after 6-OHDA injection all fish tilted 10--15 deg toward the 6-OHDA injected eye despite uniform overhead illumination [ Fig. 8 ; Lin & Yazulla (1994a) ]. A similar effect has been observed in Midas cichlid fish (McCormack & McDonnell, 1994) . The tilt occurred under photopic but not scotopic conditions, suggesting that the tilt was not due to a vestibular effect. Quantitative analysis of this behavior showed that 6-OHDA injection mimicked the dorsal light reaction, a reflex in which teleost fish tilt away from an overhead shadow and toward brighter light (Hoist, 1935; Silver, 1974; Ali, 1975b; Powers, 1978) . Normal goldfish assume a vertical posture with uniform light to both eyes and tilt toward the more intense light with a relationship that is linear with log of the difference of intensity presented to the two eyes. The effect at Log Relative Light Intensity FIGURE 9. Quantitative comparison of the dorsal light reaction of normal control fish and fish that received i.o. injections of 6-OHDA into the right eye 2-3 weeks, 9 weeks, and 9 months prior to testing, xaxis, log relative light intensity to each eye. At "0" each eye received the same unattenuated irradiance of 260 #W/cm 2. Light was attenuated in nominal 0.5 log unit steps either to the right eye or left eye. y-axis, tilting angle toward the right (up) or left (down) side of fish. Normal fish are vertical with equal intensity to both eyes, and tilt toward more intense light whether it be right side or left side. 6-OHDA injected fish also tilt toward either side as a function of relative intensity to the eyes, but their start point is a tilt toward the 6-OHDA injected eye even though both eyes receive equal irradiance. A comparison of linear regression lines show that the DLR function for 6-OHDA injected fish was shifted 2.4 log units to the right indicating increased visual sensitivity and that 6-OHDA injected fish behaved as if the light were 2.4 log units brighter to the injected eye. With time following 6-OHDA injection there appeared to be a reduction in the amount of tilt with uniform irradiance from 7.4 deg to 6.1 deg to 3.6 deg, as indicated by the y-intercepts. In terms of relative sensitivity, there would be a decrease in the differential intensity needed for a control fish to mimic the tilt of recovering 6-OHDA injected fish. This difference, indicated by the dotted lines intersecting the x-axis, is 1.9 log units (80-fold) at 2 weeks, 1.6 log units (38-fold) at 9 weeks and 0.9 log unit (8-fold) at 9 months. However, the null point at the x-intercept at about 2.41og units remained constant for all experimental conditions.
Modified from Lin and Yazulla (1994a) .
2 weeks after 6-OHDA injection has been to shift the logintensity/tilt function to the right by about 2.4 log unit (Fig. 9, x-intercept) . Another estimate regarding the effect of 6-OHDA on visual sensitivity was obtained by determining the differential intensity needed to make a normal fish tilt 7.4 deg, thereby mimicking the 6-OHDAinjected fish under uniform irradiance. This value from Fig. 9 (dotted line, arrowhead) is about 1.9 log units. These estimates indicate that the goldfish behaved as if the light were 80-250 times more intense to the 6-OHDA-injected eye. These same fish were tested again at 9 weeks and 9 months, times when reinnervation of the retina by DA-IPC processes was just beginning and well on its way (see Fig. 4 ). There was a trend for a reduction in the tilt to uniform irradiance (y-intercept) from 7.4 to 6.1 deg (P > 0.05) from the 2 week to 9 week testing time and a further reduction to 3.,5 deg (P< 0.01) by 9 months. Based on the behavior of the 6-OHDA-injected fish to uniform overhead irradiance, the fish appeared to recover in that the differential intensity needed for a normal fish to mimic the tilt of a 6-OHDA fish decreased from 80-fold at 2 weeks, to 38-fold at 9 weeks, and to only 8-fold at 9 months (Fig. 9, dotted lines) . However, the xintercept (i.e. null point) remained the same at about 2.4 log units for all three times after 6-OHDA injection. The resulting reduction of the slope of the degree-tilt/logintensity function illustrates a change in the gain of the tilting behavior to modulation of light intensity. The apparent parallel in the recovery of tilt to uniform irradiance in the 6-OHDA injected retinas with reinnervation of the retina with DA-IPC processes was suggestive of a role for dopamine in the induced dorsal light reaction. However, the reduction in gain and constancy of the null point indicated additional mechanisms at work.
Further evidence for the involvement of dopamine was obtained with the deraonstration that unilateral i.o. injection of a D1 antagonist (SCH 23390) or D2 antagonist (S(-)-sulpiride) induced a tilting response only under photopic conditions despite uniform irradiance to both eyes (Lin & Yazulla, 1994a) . The response to SCH 23390 was of about the same magnitude as obtained with 6-OHDA injection. However, the response to S(-)-sulpiride was more robust and probably was due to a combined effect on retinomotor movements and D2 autoreceptors (Witkovsky & Dearry, 1992) in which the retina was trapped in a dark-adaptive morphological state (analogous to using a mydriatic or eye patch on humans). Dopamine D2 receptors have been localized to the OPL and IPL of goldfish re6na by in vitro autoradiography; specific binding in both plexiform layers disappears following 6-OHDA lesioning indicating that these D2 receptors are autoreceptors (Yazulla &Lin, 1995) . Note that retinomotor movements persist (though not fully) following dopamine depletion and therefore should not play a major role in the tilt induced by 6-OHDA injection }].all et al., 1993) .
The acute effects of 6-OHDA injection include a significant reduction in light-adaptive spinule formation and an increase in light sensitivity by about 2 log units. One possibility was that the effect on light sensitivity was localized to the outer retina and perhaps mediated by the presumed feedback from horizontal cell spinules to cone terminals. If so, then any such cause should show a significant change and gradual recovery following 6-OHDA injection as seen in the induced dorsal light reaction and reinnervatJ~on of the retina with DA-IPCs, respectively.
6-OHDA injection does not affect the ERG b-wave increment threshold
Our first attempt to localize the acute effect of 6-OHDA injection on light sensitivity to the outer retina recorded in vivo (criterion response = 20 pV) at 530 and 628 nm for control (n = 9) and 6-OHDA injected eyes (n = 7). Standard errors were within the limits of the data symbols and are not indicated. There was no difference in scotopic threshold, presence or location of the Purkinje shift between control and 6-OHDA injected eyes. From Lin and Yazulla (1994b) .
utilized the ERG b-wave recorded in vivo (Lin& Yazulla, 1994b) . The ERG b-wave was chosen because its presence required intact transmission in the OPL and it appeared to reflect activity in the ON-bipolar cell system (Sillman et al., 1969; Miller & Dowling, 1970; Stockton & Slaughter, 1989) . Since light-adaptive spinule formation was inhibited by 6-OHDA injection, we expected that there would be interference with the transition from dark to light adaptation. As a result we expected that the Purkinje shift of 6-OHDA injected eyes either would be absent or displaced to more intense backgrounds to account for the increased visual sensitivity under photopic conditions. Intensity-response functions of the ERG b-wave, recorded in vivo, were obtained at 530 and 628 nm at background intensities covering 6 log units from darkadapted to fully light-adapted intensities (Lin& Yazulla, 1994b) . Much to our surprise, there was no difference among normal, sham-injected or 6-OHDA injected eyes with regard to ERG waveform, intensity-response functions or increment-threshold functions (Fig. 10) . 6-OHDA-injected eyes had the same dark-adapted threshold for 530 and 628 nm as controls which would be expected because the induced tilting behavior was not observed under scotopic conditions. However, 6-OHDAinjected eyes showed a Purkinje shift, that is, a transition from rod-to-cone dominated vision with increasing levels of adaptation at the same background as controls. The ERG b-wave is not affected by 6-OHDA injection and therefore, does not reflect any of the changes induced by FIGURE 11. Electron micrographs of cone terminals from light-adapted goldfish retinas illustrating differences in horizontal cell spinule formation (arrowheads) as a function of time following i.o. injections with 6-OHDA: (A) 2 weeks, (B) 4 weeks, (C) 3 months, (D) 1 yr. All micrographs were taken from the central region of the retina that had no detectable TH-IR. However, the 3 month and 1 yr conditions had DA-IPC and their processes at more peripheral regions of the retina. Light-adaptive spinule formation is markedly suppressed at the 2 week and 4 week conditions, but appears normal at 3 months and 1 yr [compare with the control condition in Fig. 3(A) ]. Calibration bar = 0.5/~m. From Yazulla and Studholme (1995) . 6-OHDA injection on light-adaptive spinule formation or photopic sensitivity. We suggest that the ON pathway through the outer retina (as reflected in the b-wave) does not depend on horizontal cell spinule formation and plays little or no role in determining "ambient" photopic backgrounds.
Recovery of spinule formation following 6-OHDA injection
Considering that there was a correlation in the time course of recovery of the induced tilting (i.e. reduced tilt to uniform irradiance) and reinnervation of the retina with DA-IPC processes following 6-OHDA injection, we investigated whether or not there was a concomitant recovery in light-induced spinule formation. Again, we expected a gradient of recovery across the retina, from periphery to center, that would parallel reinnervation of the retina with DA-IPC processes.
Light-adaptive spinule formation was determined in retinas of control and for 2 weeks, 4 weeks, 3 months, and 1 yr after 6-OHDA injection. Recall that all 6-OHDA injected fish tilted, i.e. displayed increased sensitivity in the injected eye, at the time of analysis. Retinas were surveyed from the far periphery to the central area and, as illustrated in Fig. 4 , included areas that were and/or were not innervated by DA-IPC processes. As expected, spinule frequency was reduced throughout the retina at both the 2-week and 4-week conditions [ Fig. ll(A and  B) ] when there was no detectable TH-IR in the retina. However, at 3 months and 1 yr, numerous spinules were observed in cone terminals throughout the entire retina, regardless of whether or not there was accompanying innervation by DA-IPC processes [ Fig. ll(C and D) ].
Spinule frequency was quantified by restricting analysis to the central region of the retina, which either was innervated heavily by DA-IPC processes in the control conditions or devoid of any detectable DA-IPC processes in all of the 6-OHDA conditions (i.e. Fig. 4 ). As illustrated in Fig. 12 , spinule frequency was reduced by about 56-67% (P < 0.01) at the 2-week and 4-week 6-OHDA conditions when there was no detectable TH-IR in the retina. However, there was a return to control values at 3 months anti 1 yr after 6-OHDA injections, times when new DA-IPC processes were reinnervating the retina from the marginal zone, but still the central retina contained no DA.-IPC processes. At 3 months after 6-OHDA, the sample of cone terminals ranged 0.9-2.0 mm from the nearest DA-IPC boutons, whereas at the 1 yr condition the sample was confined to a central patch of retina about 0.6 mm in diameter that was devoid of TH-IR.
Dopamine can act via volume transmission to modulate spinule formation
Our expectation of a gradient of recovery across the retina was not fulfilled. At least by 3 months after 6-OHDA injection, full light-adaptive spinule formation occurs with only about one-third of the retinal area (outer ring of 20% radius) reinnervated with a thin plexus of DA-IPC processes. This observation suggested the possibility that dopamine was able to diffuse from release sites at the retinal periphery to more central regions of the retina, 1--3 mm away. If so, since spinule formation shows a D1 pharmacological profile (Kirsch et al., 1991) , then dopamine D1 antagonists should block spinule formation throughout the retina of 3-month 6-OHDA-injected eyes. Additional experiments (Yazulla & Studholme, 1995) were performed in which 3-hr darkadapted fish were injected with 10/aM SCH 23390 into one eye of a control fish or the 6-OHDA-injected eye of fish 3 months after 6-OHDA injection. After 45 min to allow diffusion of the drug, fish were light adapted for 45 min to stimulate horizontal cell spinule formation. Spinule frequency was determined for the far periphery, in which DA-IPC processes were present for both control and experimental conditions and in the center of the retina, in which DA-IPC processes were present only for the controls.
There was no difference in spinule frequency between periphery and center in the control retinas (10.2 _ 2.9 vs 9.1 -I-3.0, SD) or 3-month 6-OHDA retinas (7.2 +__ 2.6 vs 7.9 _ 2.8, SD) and as such, the data have been pooled in Fig. 13 . There are three observations to be made in Fig.  13 . First, we corroborated our original finding in Fig. 12 showing that light-adaptive spinule formation returned to near normal within 3 months after 6-OHDA injection. Second, in vivo i.o. injection with SCH 23390 inhibited spinule formation by 44% in control retinas. Third, and most importantly, there was a 50% reduction in spinule frequency in the 3-month 6-OHDA retinas. This inhibition by SCH 23390 in 3-month 6-OHDA retinas was the same for the retinal periphery (49%; from 7.2 __+ 2.6 to 3.7 + 2.0) and center (51%; from 7.9_ 2.8 to 3.9 + 1.8) and thus was not affected by the partial reinnervation of the retina by DA-IPC. The cone pedicles sampled in the central region of 3-month 6-OHDA retinas ranged from 1.0 to 2.2 mm from the nearest DA-IPC bouton. A likely explanation for these data is that dopamine was released from DA-IPC processes in the retinal periphery and diffused to noninnervated sites in the more central regions of the retina to affect spinule formation. Such a mode of transmitter action has been termed "volume transmission" (Fuxe & Agnati, 1991) and may occur for dopamine in the rat neostriatum (Bjelke et al., 1994) .
DISCUSSION
Our original goal was to investigate the behavioral consequences of the deletion of a single neuron type in the retina, the DA-IPC, and thereby infer its probable function in visual processing. Unilateral i.o. injection of 6-OHDA mimics the dorsal light reaction only under photopic conditions implying that there was an increase in visual sensitivity under photopic but not scotopic illumination. We observed that IA-cells and 5-HT-IR cells survived 6-OHDA injection at 1 month, 3 months, and 1 yr after 6-OHDA injection, indicating the 6-OHDA was selective for the destruction of dopamine neurons and not indoleamine accumulating neurons. However, we have not been able to label goldfish retina with PNMT antisera and thus could not assess the presence of the PNMT-IR IPCs described by Baldridge and Ball (1993) . We hypothesize that dopamine IPCs regulate photopic background sensitivity by a mechanism yet to be determined.
There is a considerable amount of data describing the effects of dopamine on retinomotor movements of the retinal pigment epithelium and photoreceptors and on the physiology of horizontal cells ; Negishi et al. (1990) (1992) for reviews]. However, it appears as if the behavioral effects of retinal dopamine depletion that we observed cannot be explained by resorting to either retinomotor movements or horizontal cells. Rather, these factors seem to be excluded as having a major role following dopamine depletion. For example, retinomotor movements, though sensitive to D2 ligands in control retinas, largely persist and are insensitive to these same D2 ligands following dopamine depletion Ball et aL, 1993) . Dopamine has numerous effects on horizontal cells, including modulation of electrical coupling (Teranishi et al., 1984; Lasater & Dowling, 1985) , GABA release (Yazulla, 1985; Yazulla & Kleinschmidt, 1982) , spinule formation (Weiler et al., 1988) , glutamate-gated conductances (Knapp & Dowling, 1987) , among others. However, light-adaptive reduction in horizontal cell receptive field (Baldridge & Ball, 1991) and gap junction structure in horizontal cell axon terminals (Baldridge et al., 1989) are unaffected by dopamine depletion and therefore, they cannot be involved in the above mentioned light-adaptive processes. Also, response waveforms of luminosity L-type cells and the two chromaticity RG-and YRB-type cells appear very similar in control and dopamine-depleted retinas indicating that direct signal transmission from cones to the horizontal cells was not impaired and thus, does not depend on an intact dopamine system (Teranishi et aL, 1984; Baldridge & Ball, 1991) .
Horizontal cell spinules are not required for wavelength discrimination
Two responses of horizontal cells that appear to require dopamine are the inverted response to long wavelengths (i.e. red light) in chromatic horizontal cells (Teranishi et al., 1984) and light-adaptive spinule formation (e.g. Kirsch et aL, 1991; Yazulla & Studholme, 1995) . Following dopamine depletion with 6-OHDA, biphasic-RG cells become monophasic and the triphasic-YRB cells become biphasic to yellow and blue (Teranishi et al., 1984) . Considering that dopamine depletion also significantly inhibits light-adaptive spinule formation in cone horizontal cells, there is a strong correlative case for an involvement of spinule formation with these colorcoded responses and by extrapolation, color vision. Indeed, i.o. injections of 6-OHDA acutely inhibit red/ green discrimination without affecting blue/green discrimination , 1996 as predicted from the effects on chromatic horizontal cells. However, inhibition of red/green discrimination reaches a maximum within 2-3 days of 6-OHDA injection and discrimination returns to control levels within 2 weeks after 6-OHDA injection (Mora-Ferrer & Neumeyer, 1996) . Recall that it takes 1-2 weeks for DA-IPCs to disappear following injections of 6-OHDA (i.e. Negishi et aL, 1982b; Kirsch etal., 1991; Baldridge & Ball, 1991; Lin & Yazulla, 1994a) and DA-IPCs do not reappear at the marginal zone for another 4 weeks (Negishi et al., 1982a, b; Lin & Yazulla, 1994a) . Since red/green discrimination appears to recover by the time DA-IPCs disappear following 6-OHDA injections (Mora-Ferrer & Neumeyer, 1996) , red/green color vision cannot depend either on the presence of DA-IPCs, chromaticity-RG horizontal cells or light-adaptive spinule formation. There is also earlier, somewhat overlooked evidence against the role of chromaticity horizontal cells in generating the chromatic responses used for color vision [see Burkhardt (1993) for detailed review]. In brief, color-opponent bipolar cells in turtle (Yazulla, 1976) and carp (Mitarai et al., 1978; Kaneko & Tachibana, 1981) and color-opponent horizontal cells in pikeperch (Burkhardt & Hassin, 1978) produce an inverted response to long wavelengths to spot sizes (~100 pm) that are too small to elicit detectable feedback responses in cones in either turtle (Fuortes et al., 1973) or perch (Burkhardt, 1977) , suggesting that postreceptoral rather than feedback mechanisms are involved in these chromatic responses to small spots. Wietsma et al. (1995) proposed that red/green discrimination in goldfish originated in the inner retina and not the horizontal cell layer. These authors found that although chronic treatment with ethambutol caused red/green color deficits in the goldfish, chromaticity horizontal cell responses and light-adaptive spinule formation were normal. Candidate neuronal components include color opponent-ganglion cells, bipolar cells or even amacrine cells (Daw, 1967; Mitarai et aL, 1978; Kaneko & Tachibana, 1981) . Although there is correlation between chromaticity horizontal cell responses and spinule formation (Djamgoz et al., 1988 (Djamgoz et al., , 1989 Kirsch et al., 1990) , neither of these seem necessary for color vision. It appears unlikely therefore that color-opponent horizontal cells play a role in the processing that leads directly to color vision.
Horizontal cell spinules are not required for photopic luminosity coding
Another implication of these data is in regard to the role of horizontal cell spinules in luminosity perception. Recall that all experimental animals chosen for analysis were selected because they displayed a robust tilt toward the 6-OHDA-injected eye under uniform photopic conditions. This behavior mimics the DLR, indicating increased sensitivity of the 6-OHDA-injected eye (Lin & Yazulla, 1994a) . The behavioral tilt of fish at 2 weeks, 4 weeks, and 3 months after 6-OHDA injection was not significantly different, whereas at 1 yr the tilt to uniform irradiance was about half as observed at the earlier times although the 2.4 log unit shift in the null point remained unchanged [see also Lin & Yazulla (1994a) ]. Since this induced DLR was observed regardless of whether horizontal cell spinule formation was reduced 2.5-fold (2weeks and 4weeks post 6-OHDA) or normal (3 months to 1 yr after 6-OHDA injection), horizontal cell spinules are unlikely to be involved in photopic luminosity coding in the outer retina. This conclusion is consistent with the report that the ERG b-wave increment threshold function of goldfish recorded in vivo was not affected by 6-OHDA injections (Lin & Yazulla, 1994b) .
The b-wave of 6-OHDA-injected eyes showed a Purkinje Shift, a normal transition from scotopic to photopic function that was indistinguishable from control eyes. Those ERG data were interpreted to mean that horizontal cell spinules are not needed for the transmission of photopic (red cone) luminosity signals through the ON pathway of the retina. Thus, although horizontal cell spinule formation is correlated with light adaptation in fish retinas, their function, as well as the intraretinal locus for the effects of dopamine depletion on luminosity coding are still undetermined. As described in detail previously (Lin & Yazulla, 1994b) , possibilities to be investigated include the OFF pathway and the inner retina. Recall that horizontal cell spinules are virtually absent in the dark-adapted state, being far less numerous than with light adaptation, whether or not the retinas were dopamine-depleted (see Figs 6 and 7) . This means that a factor, other than dopamine depletion, is required for full retraction of spinules. This other factor is likely to be the cone transmitter, L-glutamate, which induces spinule retraction when applied to a light adapted retina (Weiler et al., 1988) . Thus, the dopamine-depleted light-adapted state may represent a baseline around which spinule formation can be inhibited by L-glutamate or stimulated by dopamine. At least in terms of spinule formation then, dark adaptation, and dopamine depletion are not equivalent.
Dopamine interplexiform cells: Volume transmitter and circuit component
It is clear that i.o. injections with 6-OHDA are associated with acute and chronic effects that have different underlying causes. Red/green discrimination is reduced while DA-IPCs are degenerating but it recovers shortly after DA-IPCs disappear (Mora-Ferrer & Neumeyer, 1996) ; whereas light-adaptive spinule formation is reduced in the absence of DA-IPCs but recovers to control levels with only partial (<30%) reinnervation of the retina with DA-IPC processes (Yazulla & Studholme, 1995) . The induced DLR also consists of two components. The first is the: induced tilt under uniform irradiance that gradually decreases over the time course that parallels the degeneration and subsequent neogeneration of DA-IPCs and their processes in the retina (Lin & Yazulla, 1994a) . The second component is a long-term persistent change in the null point, the differential intensity required to force the fish into a vertical position. The result of these two components is an apparent change in gain of the tilt/intensity response. From these results we conclude that dopamine has two modes of function in the goldfish retina. The first as a volume transmitter by which dopamine, released from boutons, diffuses throughout the retina to modulate light-adaptive spinule formation. A similar mechanism is required to account for the effect of dopamine in the outer retina of species with only dopamine amacrine cells or DA-IPCs with a very limited plexus in the OPL (Witkovsky & Schtitte, 1991) . However, in these other species, diffusion of dopamine is vertically through the retina, perhaps less than 100 ]~m, as opposed to the millimeters of diffusion apparent in the regenerating goldfish retina. Such distances are feasible because, given the low innervation density of DA-IPC processes, there are virtually no uptake sinks to impede diffusion laterally through the retina. Volume transmission does not return the induced DLR following 6-OHDA injection to normal. Therefore, it appears as if DA-IPCs also must be an integral part of a circuit, interacting in an active manner with other neural components, i.e. bipolar cells and/or amacrine cells. We suggest that DA-IPCs function as neurosecretory cells in the hormonal control of light-adaptive spinule formation and as a circuit component in the transmitter modulation of background luminosity. We conclude that DA-IPCs are critical in setting the background, i.e. ambient level of illumination at photopic intensities. Alterations in behavioral light sensitivity has been reported in rat in which dopamine depletion by reserpine induces photophobia (Malmfors, 1963) . More recently, Gottlob et al. (1994) showed that oral administration of levadopa to humans (stimulate dopamine) reduced sensitivity during dark adaptation, an effect consistent with the increased sensitivity in goldfish following dopamine depletion. It is still not clear to us whether the increase in light sensitivity in goldfish is due to an increase in photopic sensitivity or an extension of scotopic function with a shift of the Purkinje shift to more intense backgrounds. Either scenario requires an alteration in the manner in which the photoreceptor systems interact with each other. The normal increment threshold of the ERG b-wave in 6-OHDA injected fish indicates to us that the effect of dopamine depletion is not mediated through the ON bipolar cell channel. Involvement of the OFF channel or the inner retinal circuits have yet to be tested. The effect of the induced increase in background perception on other aspects of visual behavior are as yet unknown and would depend on whether the effect were mediated through the scotopic or photopic pathway. reported that i.o. injections with 6-OHDA or the D2 antagonist, sulpiride, reduced sensitivity of the optomotor response by 0.8 to 2 log units. Another area of endeavor would be the determination of spatiotemporal contrast sensitivity functions for goldfish in control (Northmore & Dvorak, 1979; Bilotta & Powers, 1991) and dopamine-depleted conditions. Studies on Parkinson's patients show significant degradation in spatio-temporal contrast sensitivity in the 4-8 Hz range (Bodis-Wollner et al., 1987 , Bodis-Wollner, 1990 Harris et al., 1992; Price et al., 1992; Masson et al., 1993) . Although there are alterations in the ERG (Nightingale et al., 1986; Jaffe et al., 1987) and a reduction in dopamine innervation of retina in Parkinson's patients (NguyenLegros et at., 1993) , the relative contributions of retinal and nonretinal mechanisms to the visual degradation is still unknown. However, goldfish show a striking effect on visual sensitivity behavior in response to i.o. 6-OHDA injection and could provide a very useful model to study not only the acute effects of dopamine depletion but also recovery of function during reinnervation of the retina with DA-IPC neurites from the marginal zone.
